
UNCLASSIFIED

AD NUMBER

AD481418

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational use; 1966.
Other requests shall be referred to Air
Force Materials Lab, Wright-Patterson AFB
OH 45433.

AUTHORITY

AFML ltr 31 Jul 1972

THIS PAGE IS UNCLASSIFIED



AFML-Th-65-233

HEAT, TRANSFER IN STRUCTURAL HONEYCOMB
COMPOSITES AT HIGH TEMPERATURE

MERRILL L. MINGES

TECHNICAL REPORT AFMLe-TR-65-233

JANUARY 1966

00

AIR FORCE MATERIALS LABORATORY
RESEARCH AND TECHNOLOGY DIVISION 00

AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

This document is subject to pezial export controls and each trans-
mittal to foreign governments or foreign nationals may be made only
with prior approval of the Materials Engineering Branch, Materials
Applications Division, Air Force Materials Laboratory, Wright-
Patterson Air Force Base, Ohio.



NOTICES

When Government drawfnls, specifications, or other data are used for any
purpose other thaa in connection with a defirltely related Government procure-
ment opsration, the United States Government thereby incurs n responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or in any way supplledthe said drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying
any rights or permission to manufacture, use, or tell any patente i invention
that may in any way be related thereto.

I
~I

I
I

Copies of this report should rot be returned to the Research and Tech-
nology Division unless return is required by security considerations,
contractual obligations, or notice on a specific document.

2200 - February 19)M - 7 5-3-673

It



AFML-TR-65-233

r;:AT TRANSFER IN STRUCTURAL HONEYCOMB
COMPOSITES AT HIGH TEMPERATURE

MERRILL L. MINGES

This document -is subject to special export controls and each trans-
mittal to foreign governments or foreign nationals may be made only
with prior approval of the Materials Eagineering Branch, Materia s
Applications Division, Air Force Materials Laboratory, Wright-
Patterson Air Force Base, Ohio.



AFML-TR-65-233

FOREWORD

This report was prepared by the Materials Engineering Branch, Materials ApplicationsDivision of the Air Force Materials Laboratory under Prolent No. 7381. "Mot.,t.ial. A,-jJLi u~uU,-: iasK N0. 7M106, " Design Information Development., The work was administeredunder the direction of the Air Force Materialo Laboratory, Recearch and Technology Division,Wright-Patterson Air Force Baae. 6h1n M" M T. ....... wa th .r .......

This report covers work acco)mplished between December 1963 and December 1964. Themanuscript of this report was released by the author July 1965 for publication as an RTD
Technical Report.

The efforts of Mr. 0. J. Zavakos in assisting with the experimental thermal conductancomeasurements are greatly appreciated as is the work of Mr. D. F. Stevision on the spectralemittance measurements of the L-605 cobalt alloy specimens.

This technical report has been reviewed and is approved.

W. P. CONRARDY, Chief
Materials Engineering Branch
Materials Applicatlons Division
Air Force Materials Laboratory

r



AFML-TR-65-233

ABSTRACT

The lu of nson avlkmI sand qfreitorY alloy honeyomb comvosites for heat shield and
structural components in re-entry vehicle applications is outlined followed by a detailed
comparison between experimentally measured and analyticelly predicted Uterrmal conductance
values on superalloy honeycomb composites.

The experimental thermal conductance determinations on L-605 cobalt alloy penels of
variable geometry were made in high vacuum and air environments using a high tempera-
ture absolute thermal conductivity apparatus. Measurements were made over the range
from 500" to 2000F maintaiilrg the temperature drop across the specimens below 200"F.
Average precision of the results was +7 percent while the accuracy was established to be *10
percent based on initial calibration. The thermal conductances in air environment were be-
tween 60 and 100 percent above comparable values for the panels tested under vacuum
conditions. Analysis of the resulto indicated that gaseous conduction and convection accounted
for only a small fraction of the difference, the main effect being a large increase in the
radiative contribution produced by increased emittance of the alloy through ourface oxidation.
Extensive spectral emittance measurements were made and then Integrated to provide input
data on temperature dependent total emittance to allow quantitative assessment of these
radiative contributions.

Analytically predicted thermal conductances were based on a semi-empirical approach
suggested by Swann which accounts explicitly for variations in panel geomtry. panel tem-
perature drop and materials properties (emitlance and metallic thermal conductivity).
Agreement with the experimental results was within a few percent at the highest test tem-
peratures for both the vacuum and air environment conditions. At lower temperatures in air
environment the agreement was not as good, the predicted values averaging about 15 percent
below the experimental data. The overall agreement between predicted and measured con-
ductanos measured in vacuum was within about 10 percent which is particularly significant
because errors here in the approximated radiation interchange factors would lead to the
largest errors in predicted conductance due to high reflecutivity and specularity of the honey-
comb cells. As a result of this experimental substantiation over a wide variation in dependent
parameters it is concluded that the prteiction procedure is generally useful for most engi-
neering applications in estimating the thermal conductance of metallic honeycomb composites
at high temperatures.
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SYMBOLS

A = cross-sectional area available for solid conduction, in2

EBB = blackbody emisoive power, BTU/hr-ft2

F - geometrical view factor

= net radiation Interchange factor

h = thermal conductance. BTU/hr-ft2 _-F

k = thermal conductivity, BTU/in/hr-ft2 OF

1 = thickness, in.

q = heat flux, BTU/hr-ft2

1 = solidity

S = surface area, in.2

T = temperature. IF

= ratio of hemispherical to norme.l emittance

= length to diameter ratio

8 = di-ance between oenters of differential radiating elementu, in.

S = .&a between normal to surface and the line

* femittance

A = wavelength, microns

p = density, lbs/ft3

= Stefan-Boltzman constant, BTU/hr-ft2 -°F

Subscript,

spectral

T, total

N, normal

H, hemispherical

ij,n, Isothermal element indices
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SECTION I

IWITRnI Ir TILI

Structual elements of high strength-high modulus honeycomb core construction have been
w..ly crz.p yea , 1 uLiual and strategic aircraft and in experimental vehicles of the U. S.
Air Force. Intricate honeycomb fabrication problems have been resolved sufficiently in the
case of the lower temperature aluminum, stainless steel, and titanium alloys to allow their
consideration for use in such systems as the B-58, F-104, F-11, RS-70 and the Supersonic
Transport. Extensive Investigations of fabrication problems and mechanical and thermal
properties of honeycomb composites have been conducted recently. (References 1, 2, and 3.)

For higher temperature applicationa to approximately 2000°F a wide variety of superalloys
have been considered for use in honeycomb panel configurations. Both structural and heat
shield designs have been developed and fabrication has been successful. (References 4 and 5
and Appendix 1). Panels of L-605 cobalt superalloywere used in this investigation because the
alloy exhibits good oxidation resistance along with a minimum of fabrication problems. The
alloy was used successfully in aft panels for the ASSET vehicle and peror.ed satisfactorily
under re-entry beating.

At temperatures beyond 2000°F the use of refractory alloys In honeycomb composite con-I
figurations has been very limited due to the extreme difficulties encountered in fabrication.
TZM molybdenum alloy was among the first considered, the composite manufacturing methods
being based to some extent on the results of the extensive fabrication development efforts
carried out under the Air Force's Dynasoar program (Reference 6). The embrittlement and
poor fabricabillty of the TZM resulting from recrystallization have been studied in develop-
ment of honeycomb sandwich fabrication methods (Reference 7). By using high remelt tem-
perature braze alloys TZM honeycomb panels have beenproduced (Reference 8). Compatibility
of the braze alloy and the oxidation resistant coatings was found to be a problem, however.
Similar efforts have been directed toward the development of brazing, diffusion bonding and
full panel fabrication procedures for D-36 and Cb-152 olumbium alloys (References 4 aud
7). Brazing and diffusion bonding of tantalum alloys also have been investigated (Reference 8).
The efforts on T-111 and T-222 tantalum alloys are conttuuing with the objective of producing
full scale honeycomb composites.

The use of both metallic and non-metallic honeycombs for reinforcement of organic and
ceramic matrices has been studied widely. Non-metallic honeycomb reinforcement of silicone
ablators is employed in the GEMINI heat shield while similar honeycomb reinforcement is
being considered for the thermal protection systems on pilot vehicles in the Air Force's
START program. The use of ceramic filled metallic honeycombs in very high temperature
thermal protection system components (References 9 and 11) and in uncooled rocket nozzle
extensions, as for example the F-i Saturn engine (Reference 10) are well known.

In the use of theso composites it is important to have fairly accurate estimates of their
thermal characteristics along with information on tensile, compressve and shear properties.
For structural applications a knowledge of the effective thermal conductance and of temperature
gradients which are generated in service is necessary in thermal stress analysis. For heat
shield applications the effective thermal conductance must be known as a function of temper-
ature level for both transient and steady ntate heating conditions in order that heat loads on L

Insulative and structural members may be determined. For filled honeycomb composites where
the core structures serve as reinforcement, the thermal transport properties are nearly
that of the filler material. However, in the case of light weight, unfilled honeycombs, which
are more common in most structural and heat shield applications, the heat transport char-
acteristics are quite complex. This is because convection, condurction (both solid and gas phase)

i, | | |1
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and radiation heat trapsfer occur simultaneously. The situation is further complicated by the
fi ct that the relative contribution of these various heat transfer modes changes as the tem-
perature level of the compoeite varies.

A commonly used design approach to pa ,tially circumvent the difficulties in estimating
heat transfer characteristic . is simply to observe the thermal response of particular panels
when 8uhent.. to ......... heating condit.n o3lmlSa Ing those expeoted in asurvice. Panei
distortion, attachment stresses and cold face temperature rise are amoP4 the parameters
measured in obtaining practical data for design. Although satisfactory in some cases, this
approach, of course, lacks generality and extensive testing is required each time panel con-
figurations and/or t hermal environments change.

The purpose of this investigation was to study in detail the contributions of various heat
transfer modes to the overall thermal conductance of metallic honeycomb nomposites. Steady
state tests were utilizee throughout in order to study in a thorough and systematic manner the
variations in the relative contributions of conductive and radietive heat transvort as a function
of temperatre level. To facilitate study of solid conduction contributions, flat panels of L-605
cobalt alloy were used having variations in core foil thickness and overall panel thickness.
Tests were conducted in both air and vacuum anvironments to assess the influences of gas
conJuction and parel oxidation on the radtative heat transfer contributin. Extensive measure-
ments of thermal emittance were performed in conjunction with the radiative transport study.
The experimental thermal conductance measurements were made to near the failure limits of
the L-605 panels: 2100 to 2200°F. Procedures for the fabrication of refractory ailoy honey-
comb were ,ot sufficiently developed at the time to allow inclusion of such panels in this
test program

The analysis of the thermal conductance data utilized approximate finite differeace heat
batlance techniques to consider radiative and conductive heat transfer simultaneously. Com-
parisons are made between these analytical predictions and the experimental results allowing
for temperature variations in alloy thermal conductivity and temperature induced variations
in emittance as a result of oxidation. To further assess validity of the anaJytical predictions.
temperature gradient studies were performed with diffusely reflecting cylinders which
simulated the honeycomb core geometry assumed in calculation of the radiative interchange
factors,

2
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SECTION II

THERMAL CONDUCTANCE MFA$AD1WUr-Tr

The apparatus usef' for the thermal conductance measurena. nts wac a high temperature
..uarded hot plate erle-na,1 , dc ,n" for t" Air Fur e by Dyna'ec. Corporation, Cambridge,
Massachusetts. A complete description of the constructian and calibration of the equipment
is gi-en by Sparrell, Coumou and Plunkett in Reference 12. Briefly, the design and operation
is as follows: The high temperature heating unit shown In Figure 1, is 12 inches by 12 inches
overall. It consists of 9 heater blocks, each 4 inches square by 3/4 inches thick which are
fabricated from high purity alumina. Each block has a continuous spiral groove which ac-
commodates 40 mil Platinum-40 percent Rhodium heater wire. After placement of the heater
winding the spiral groove in each block is filled with a high purity alumina slip-grog
cement. Sintering is accomplished by high temperature air firing.

The central main heater block is surrounded by eight guard heater blocks. During operation
test specimens are placed on either side of the heating unit, the power dissipation from the
main heater providig a controllable heat flux through each specimen. As in conventional
guarded hot plate operation, significant lateral heat losses from the main heater are prevented
by adjusting the guard heaters until their average temperature (measured near the main
heater) iv equal to that of the main heater. To allow automatic balancing of the guard heater
units with respect to ihe main heater, two 15 junction differential thermocouples, one on each
side of the heating assembly, were used. The output signal controlled powar to the guard
heaters. Stepless Control Corporation "Power Props" were used as the basic power control
trnits. These operate on sillc(,n controlled rectifiers (SCR) which are regulated from a d.c.
'input control signal Saccessful operation with SCR imits rated at 90 amps has been, achieved.

Under balanced, steady state operating conditions it is clear that the power dtosipation
from the four "corner" guard heater blocks will be greater than that from the four "side"
guard heater blocks. In order to make relative power adjustments between these, separate
power props with control voltage trimmers were used for the side and corner guard heaters.
Once the relative proportion of power was established, the entire guard ring was controlled
automatically relative to the main heater.

The overall configuration used during the honeycomb conductance tests is shown in Figure 2.
The high temperature heater assembly is sandwiched between two honeycomb panel specimens,
Because the panels have relatevely thin, electrically conductive face sheets, the various in-
strumentation thermocouples could not be mounted flush with the specimen surface. After
spot welding to the panel face sheet, the 10 mil Platinum/Platinum-10 percent Rhodium ther-
mocouple wires were run into two-bore almnina tubes which were in turn cemented to the
panel surface. Couples were mounted on the face sheet in positions directly over core
joints and in positions where the face sheet spanned the core cells. This instrumentation
procedure necessitated the use of a spacer material between the specimen panels and the
main-guard heater unit to accommodate the couples while at the same time providing uniform
support for the heater blocks. A 1/8-inch layer of 40-mesh bubble alumina was used for
this purpose. Figure 8 shows the honeycomb test panels with the temperature sensir and
diffarential thermocouples La place. The differential couple was, of course, electrically in-
sulated from the specimen surface. The thermocouples over the corner and side guard heater
areas were used for control purposea as discussed earlier.

For materials and composites which contain substantial void areas, convection contributions
could cause a difference in the effective thermal conductance between the specimen located
above the main heater and the specimen located below. Since the power dissipation of the
main heator represents the sum of the heat fluxes through the metered area of both specimens,

3
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an independent measurement was required to give the relative proportion of heat going through
each specimen. This was accomplished by placing identical heat meters or ratio elements
adjacent to tie cold face of each specimen as shown In Figure 2. The heat meters were built
up from 4-inch square blocks 1-inch thick and were fabricated from commercial alurninum
siiicato (MuJite). If the mean temperatures of these ratio elements are equal and their
thermal conductivity linear over the temperature range considered, the ratio of their respective I
temperature drope is euual to thA ratin of t het fl ms flnin t4.o- . t -n. M ......... •asu z n t
of this ratio allows calculation of the heat flux flowing through each specimen. This arrange-
ment also allows simultaneous testing of specimens of different conductivity. Other beat
meters of high purity alumina or silicon carbi6& may be used depending on the temperature
range and specimen conductivity range encountered. For all honeycomb panel tests, identical
panels were used above and below the main heater. In order to allow independent variation
of the specimen cold face temperature during test, auxiliary heaters are interposed between
the ratio elements and the water cooled heat sinks. With this arrangement accurate adjustment
of the specimen temperature drops could be attained despite the rapid variation in honeycomb
specimen conductance with temperature. One auxiliary heater was controlled manually, the
other automatically controlled with respect to it. The control signal for this second auxiliary
heater was from the thermocouple senusingthe temperature drops across the ratio elements,
balance between the two auxiliary heaters was achieved when the two ratio elements had the
same mean temperature.

Depending on the temperature range of operation the entire assembly shown in Figure 2
was insulated laterally with either Johns-Manville MicroQuartz Insulation (to 2000F) or
Norton coarse-grain alumina granules (to 2800"F). An overall view of the equipment during
test stack construction is given in Figure 4.

I
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SECTION III

TEST SPECIMENS

The test specimens used in this program were fabricated for the Air Force Materials
Laboratory by Solar Division of the International Harvester Company, San Diego, California.
T-, nrPecimenm, of L-605 cobalt - base alloy, were in the form of flat panels, 12 inches
squaie. A photograph of a typical panel with edge members in place but before face sheet
attachL.eit Is shown Jr, Figure 6. Two panel thicknesses and two different foil gages for the
core cell werm used. The exact geometry of the various test panels is given in Table L As
metioned oarlier, two panels of identical geometry were required for each test in the high
temperature guarded hot plate apparatus.

A complete description of panel fabrication process used by Solar along with photomicro-
graphs of core node, node-face sheet and core-face sheet areas are included in Appendix L
Briefly, the procedure was as follows. After hand honing of the core blankets to eliminate
rounding of the foll edges and to assure flatness, the edge frame was attached to the core
by microtacking, producing the assembly shown in Figure 5. The braze alloy was then applied
to the surface of the core in powdered form. After positioning of the face sheets, the panels
were individually assembled into a retort unit for brazing. This operation was conducted in
two steps. First, to complete the braze the retort assembly carrying the panel was heated
in argon to approximately 1950°F, held for a few minutes and then cooled, the cycle re-
quiring slightly over one hour. Second, a diffusion cycle oZ approximately 3 hours at 2100°F
was run to permit homogenization of the braze reaction zone which increases the remelt
temperature to about 2300-2400F. X-ray analyjis and ultrasonic scannirg were used to
produce facsimiles of the panel surfiaces. In general, the diffusion bonding was found to be
excellent for all panels. The continuity of the brazc is shown in Figure 6 which is a photograph
of a papel cut at 45*. Note the core perforations which were made to allow panel testing in
various gaseous environments. As is shown In the photomicrographs, Appendix I, the minimum
fillet-diffused method used in panel fabrication produced panels with very little geometrica!
distortion due to face sheet and core fillets.

Figure 5. Honeycomb Panel Before Attachment of Face Sheet

| 9
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TABLE I

HONEYCOMB TEST PANEL GEOMETRY

Pan I Cell Wall Face Sheet Core Cell

P-e_! .v (w) - ickniess. , n) Thckness, (in) Size. (in)

IA 0.748 0.001 0.010 0.25

1B 0.742 0.001 0.010 0.25

2A 0.380 0.001 0.008 0.25

2B 0.370 0.001 0.008 0.25

3A 0.375 0.002 0.010 0.25

3B 0.375 0.002 0.308 0.25

4A 0.747 0.002 0.010 0.25

4B 0.746 0.002 0.010 0.25

OTHER DATA

Material: 55% Co. 20% Cr, 15% 1W, 10% Ni (L-605 Alloy)

Braze Alloy: 91.2% Ni, 4.5% Si, 2.9% B. 1.1% Fe (Coast Metals Alloy No. 52,
AMS Spec 4778)

Panel Configuration: All specimens were 12 inches square, with perforated
core, and 0.026 inch edge members

Figure 6. 45" Section of a Brazmd L-605 Honeycomb Panel (2X)

10
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SECTION IV

EXPERIMENTAL RESULTS

The thermal eonde.tnne.e -f - ccnPesy iste its generally defined as the net heat flux
through the panel divided by the overall temperature drop as indicated in Equation 1.

q
h = q (I)AT

where,

h = thermal conductance, BTU/hr-ft2-°F

q = specimen heat i ix, BTU/hr-ft2

AT = specimen temperature drop, OF

The experinental data obtained during this program was presented in this form. The results
obtained during the sequence of four tests, withthe four sets of specimens described in Table I,
are given in Figures 7 through 9. The tabulated data points are included in Appendix V. A
thermal conductance curve was first obtatned under vacuum conditions which ranged from

1 x 10- 4 torr to 5 x 10- 5 torr, and then under oxidizing conditions in air at atmospheric
pressure. During the measurements a period of between 8 and 24 hours was required to
reach steady-state conditions before recordilig each data point. Longer adjustment periods
were required at low test temperatures because of comparatively high thermal inertia of
the system. Thus approximately 5 days of continuous operation was required for each thermal
conductance run. At steady-state the average temperature difference between the corner
and side guard healers was 1-3*F at all temperature levels While the difference between the
guard ring and the main heater ranged from 0.3* to 5"F. These measurements were made
between the thermocouples mounted on the specimen surfaces directly opposite the various
heater blocks. In one air environment test, at about 15000F. the guard heaters were purposely
imbalanced by 40*F with respect to the main heater. The resulting conductance value was
compared with a data point at the same temperature taken when the maximum difference be-
tween guard and main heaters was 2.3F. The difference in calculated conductance values
was about 7 percent.

To assess the effects of thermocouple contamination from contact with the L-605 several
tests were run comparing standard Platinum /10 percent Rh thermocouples with thermo-
couples which had been spot welded to the L-605 specimens and which had been used in both
vacuum and air environment conductance tests. Initial difference of between 3 and 15"F
were observed among the various couples; however, these differences remained nearly oonstan,
independent of thermal history and independent of whether the couples were in contact with
the L-605 or not. It was concluded that contamination effects were of small importance and
that initial thermocouple calibrations were ma~ntaLned to withiu a few percent throughout the
test sequence on each set of panels. Relative variations among tho various couples on a given
panel as a function of thermal and environmental history were negligible.

A full analysis of the data will be given in the next section. However, there are several
general features which should be noted here. First the thermal oonductanoe, as defined by
Equation 1, is approximately doubled when the panel thickness Is halved (oomparing Figures 7
and 8, and the two curves In Figure 9). Second. on shifting from a vacuim environment to an
oxidizing environment the conductance for a given panel thickness increases greatly (Figures
7 and 8). The air environment curves inthee figures lie between 60 and 100 percent above the

11
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corresponding vacuum curves. The most obvious factor to consider in accounting for the
observed differences is the contribution of gaseous conduction and convection. The gas
conduction contribution at 2000'F is approximately 1.4 BTU/hr-ft 2 for the thinner panels

and about 0.7 BTU/hr-ft2 for the thicker panels. Thus this contribution accounts for only
abouL 4 perceni of he observed increase at the maximvm test temperature. At around 4(UO=F,
the gas conduction contribution is about 10 percent. The convection contribution was estimated
from the functional dependence of the Nusselt number on the Grashof number-Prandtl number
product for the free convection case. The calculated convective contribution is about 3 percent
at 2000'F and less than 1 percent at 400°F.

Experimental results in air environment for panel sets No. 1 and No. 3 show the conductance
values for the panels above the main heater unit ran about 5 percent higher than the values for
the panels situated beJow the main heater. Although this is about the difference expected from
convection effects, the results are not conclusive since the average precision of the data was
in this same range, running from ±1.5 percent to L15 percent. In addition, the trend was not
observed in panel set No. 2. It is concluded that the scatter in the experimental thermal con-
ductance data is too high to definitely isolate the 1 to 3 percent difference expe-ited from
convective effects.

The large differences between the air and vacuum environment data can obviously not be
explained entirely on the basis of gaseous conduction and convection contributions. Because
the L-605 alloy oxidizes at higher temperatures it was expected that increased emittance
could lead to the increased thermal conductance in air environment if the change was sub-
stantial. To investigate this possibility, spectral emittance measurements were made on L-605
in various states of surface oxidation. A full description of these results and the procedure
for obtaining the eirittance data is given in Appendix IL Briefly the method was as follows:
Spectral normal ernittance was measured with c Perkin. -lmer Model 13-U double beam re-
cording spectro-photometer using an emittance furnace to hold the specimen and a Gier-
Dunkle cavity as the blackbody reference. The system was first calibrated with Natlonal
Bureau of Standards references, the results being within :L2 percent. The data on the L-605
specimens was then reduced by referring it to data on the NBS oxidized Kanthal reference
run simultaneously. The more important observations are summarized in Figure 10 where
the spectral normal emittance is plotted for differnt environmental exposures. The lower
curve in Figure 10 is typical of an unoxidized metal iu the infrared. After exposure to 2000OF
in a 5 x 10 - 5 torr vacuum it is seen that the alloy is slightly oxidized. Exposure, at this
temperature level in air produces a sitrface whici is heavily oxidized and which has a much
hgher spectral emittance characteristic of an oxide dielectric as shown in the Figure. At
low temperatures the air environment thermal conductance curves begin above the vacuum
environment curves due to tl-.e slight oxidation encountsred under high temperature vacuum
conditions. Only the air environment results for panel sets 3 and 4 are shown in Figure 9
since undetermined oxidation occurred during this particular vacuum test. These effects
are discussed quantitatively in the next section.

In the heat balance equations the total hemispherical emittace )f the L,-605 as a function
of temperature and environment was reqaired. In order to obtain this information the spectral
normal emittance dati was converted to total hemispherical emittance. The first step was
graphical Integration of the spectral normal data according to Equation 2.

4. t

J 4 E ( )X 13 E A
•0 _AN58 (2)
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15



AFML-TR-65-233

~C

co 0 4

I-

mw

LL.4

(UI~n

L 10

rl In CY



AFML-TR-65-233

where,

E = total hemisp:ierical ernittance
TV
C = spectral norraal emittance

H ,ll i Vi*znmpi'p ricui to norm, i emittance

E blackbody emissive power

X =wavelength

The resulting total normal emittance data was converted to total hemispherical emittance
data using calculated values of the ratio between thr total normal and'total hemispherical
emittance, p , This ratio written explicitly as a funotion of the optical constants is obtained
from the Integrated Fresnel equations. The ratio including both perpendicular and parallel
polarization components is given as a function of optical constant values by Dunkle (Ref-
erence 14). Visual examination of the L-605 specimens was used to ascertain whether the
surfaces were essentially metallic or whether oxidation had been extensive enough to develop
a surface film characteristic of a dielectric. The optical constants and consequently the value
of 8 will be different for each case. Table II presents the results.

TABLE II

TOTAL HEMISPHERICAL EMITTANCE OF L-605 COBALT ALLOY AS A
FUNCTION OF TEMPERATURE AND ENVIRONMENT

I

Vacuum Environment (1 x 10 - 4 torr)

521.1 0.123 1.15

1300 0.192 1.13

2025 0.300 1.07

Air Environment (Atmospheric Pressure)

525 0.123 1.15

1050 0.184 1.12

1230 0.588 1.13

1450 0.582 1.02

1750 0.595 1.13

2025 0.487 1.04
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The emittance variation between the vacuum and air environments Is by a factor of from 2
to 3 in the temperature range from 1200 to 2000°F. The discussion of results shows that the
radiative heat transfer contribution to the total conductance increases from about 60 percent
to 80 percent over the same temperature interval. Thus, the observed increase in emittanco
- -nd --- c- d -.. ALuuAVu1 i raduaiuuve hear transfer at high temperatures is sufficient to
account, at least qualitatively, for the large increase observed in thermal conductance in air I
environment.
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SECTION V

DISCUSSIOW OF RESULTS

Analysis of the heat transfer characteristics of honeycomb composites with open colls is
complicated by the fact that both conduction and radiative heat transfer may be important,
the relative proportion of each varying markedly witb temperature. Because of the strong
interdependence of these heat transfer modes at higher temperatures simple superposition
cannot be employed in determining the overall thermal conductance of these corwposites.
If radiation contributions are small, which may be the case at lower temperatures, both the
steady-state and transient heat transfer properties of a honeycomb composite can be obtained
explicitly through transform techniques since linear boundary conditions can be written for
the time dependent Laplacian equation. For this case the small radiative contributions can be
estimated independently. For example, in early studies of heat transport in honeycombs at
Langley, it was focund that ihe radiative contributions could be calculated based on the magni-
tude of the temperature difference across the panel when only conduction was considered
(Reference 15). Thus it was possible to estimate both radiation and conduction contributions
based on results for the conduction case only. Experimental verification of this approach
was limited to low temperatures.

A more general method for estimating thermal stress distributions and thermal conductance
characteristics which would be accurate at higher temperatures requires the use of analog or
digital computer techniques In handling the non-linearities. Conversion of the non-ilnear
ordinary differential equations resulting from the one-dimensional conductive-radiative heat
balance to finite difference form is one of the most common approaches and is amenable to
digital computer solution. In writing the finite difference equations the honeycomb core cell
is broken down into a number of rings, which are assumed to be isothermal. A steady-state
heat balance written around a given ring would take the following form assuming that only
solid conduction and radiation are significant,

In-i in In Inll i-i
i - I- Inln in-

2!An-k. 2Al kn  2A n 2f An. lkn.

Solid Conduction Solid Conduction Net Radiation
Into Ring n Out of Ring n Transfer From

Ring n

where,
Tn = mean temperature of ring a, F

In = vertical thickness of ring n, in.

A = cross-sectional area of ring n for solid conduction, in2

kn = thermal conductivity of ring n, BTU/hr-ft2 -'F

a, = Stefan-Boltzmann constant, BTU/hr-ft2 -F 4

= total hemispherical emittance of ring n

Sn = surface area of ring n

1n = radiation interchange factor between node I and node n

J = total number of rings in the core cell
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Aside from the rather involved proibl;m of simultaneous solution of these equations written
over the j rings making up tim , 11 core a major difficulty encountered in using Equation 3 is
determining the radiation inte'cohange factor Vn.1 ' Using the notation of Hottel (Reference 16)

this factor accounts for nutiple reflections from all elements that eventually result in a net
interchange between ring "n" .nd ring "i".

If blackbody conditions are -assumed (reflectance = 0, and isotropic emission) reflections
within the core cell between the various rings do not occur and the net interchange factor
reduces simply to a geometrical view factor, Fn,i This factor is simply the fraction of the

radiant energy emitted by sing "n" which is incident directly upon ring "il. In general, for
two arbitrarily placed areas, S and S1, the geometrical view factor is given as follows,

Fn I  If If [dS dSj (4)

where,
= angle between normal to surface I and the line

B distance between centers of the differential areas
dSi and dSn

Evaluation of this factor for a variety of geometries such as parallel plates, disks and planes
at right angles has been carried out (References 16 and 17). For the case of honeycomb cells
Swann (Reference 18) has developed equations for the view factors Fn,i in terms of the length

to diameter ratios of a cell approximated as a right circular cylinder. The axial symmetry
of the geometry allows extensive simplification of the final equations through various reci-
procity relationships.

If the emittance of the radiating elements in the honeycomb core is less thmi unity (re-
flectance > 0) a much more complex radiation interchange within the core will occur. If
the reflectance is low the direct view factor, FnXil can be used without appreciable error.

If the reflectance is high (low emittance) the net interchange factor , . which accounts

for multiple reflections should be employed. It is clear that while F1  iS exclusively a

function of geometry, : n,i is a function of both geometry and the optical properties of the

core material. As will be shown Vni = f (Fn, ,) if simplifying assumptions are made con-

cerning the emittaxce e. First, it is assumed that all surfaces obey Lambert's Cosine Law,
that is. they are diffuse emitters and reflectors. Second, it is azsumed that gray body con-
ditions are met. Figure 10 shows that neither metallic or oxidized L-605 are gray body
emitters; however, since an emittance correction is made in the heat.balance equations at
each temperature level and since the overall temperature drop across the panels is low at
all temperature levels, gray body emission is a valid approximation.

Considering the finite difference area elements or "ring's" of a honeycomb core cell
shown in Figure 11, the direct radiation from esement (1) to element (2) is e F,; of this1,2;
the fraction (1-c)F 2 3 is reflected from element (2) to element (3) and finally the fraction

(1-)F 3, 1 of this beam is reflected back to element (1). Thus for this particular beam a series

of the form given in Equation 5 is developed to account for multiple reflections. Expanding
similar equations to include multiple reflections from all elements has been carried by
various investigators including the effects of absorbing gases (References 16, 18, 19, 20, and
21).
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A

Figure 11. Finite Difference Elements Within Honeycomb Core Cell

eF +(I-e)EF F +(I-)l-) F F, F,
one bom 1 12 , 12 2,3 1 3

2reflec.

=6 [,.-+ - F,,2 Fz -(I-c) (I-e) F, F2, 3 F3, 1] (5)
I 1

The following closed form expression forgn, i encompassing "J" finite difference areaz

was developed by Swan (Reference 18):

me~ F +1(1-IE )F 0 , F Z 1' -EVnkIF on~~nFnkvno+']
n,! [ni

no, "imn o, i Ni21 non ni ,= nk=' n n~i[o -, .,% ° Z I ,.,(- , ,o..

where,

no , n 1 , nt , nk = various rings of the cell

Alternately if the j by j matrices F) and [2] and the diagonal emittance and reflectance

matrices [] = diag((, Is j) and[J j= diag (1-e . 1-a are defined,

Using the factor ' or an approximation to it in Equation 3, it is possible to write a set ox
similar equations ovLr all the finite area elements of the honeycomb cell including the hot and
cold face oheet elements (Reference 22). From these equations the temperature distribution
down through the cell can be determined. Once this iv known,an overall heat balance gives
the steady-state heat flux through the entire core due to simultaneous solid conduction and
radiation. qT" Based on this quantity an effective thermal conductance, he, i defined as

21
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ke q T()

I - T T

where,I
kw = effective thermal co, iductivity of the honeycomb panel.

BTU-in/hr.-ft -° F
I = overall panel thickness, in.

TT = overall panel temperature drop, OF

Since computations of effective conductanceg based on Equations 3 and 7 are highly involved
and require extensive computer analysis, it was desired to compare the experimental results
obtained in this investigation with analytical predictions based on approximated radiation inter-
change factors and heat balances which could be applied oonveniantly in englmering practice.
The semi-empirical method suggested by Swann (FL.ference 18) was tWe most satisfactory.
It was found that the effective thermal conductance of an open-celled honeycomb composite
could be written au a function of the cubic power of the honeycomb face sheet temperatures
whsn the not radiation interchange factor was written it, the followlng form,

0. 89
- WO. (I.63)(y+ I)(F,c, = 0.664(',r+0.3 ) 4

where,
y, = honeycomb cell length to dtP..reter ratio

The comparisons are given in Figumes 12 through 14 whore the curves drawr fbhrough the ex-
purimental data poirts in Figures ' through 9 are replottous along with dotted curves repre-
menting the analytical predictions. The gas conduction contribution has been added to the
analytical curver for the air earonnent case. These analytical values were first expressed
as dimensionless effentive thermal conductivity, versue dimensionless temperature, TV

and tl en converted to dimensional form for direct comparicon with the experimental results.
and ' are defined as follows,ek

"ks = .... 10)
k R-i,,i', oI

where, T1 "[ i ]/ T1

ke = effective thermal conductivity, BTU-ln/hr-ft2 -°F

k= thermal conductivity of the care material,
2

BTU-in/hr-ft -'F

R = p core/p =solidity

P = core density. lbs/ft3

p = density of metal making up the core, lbs/ft3

1 = core height, in.(r = Stefan-Boltmann Constant, BTU/hr-ft2 -°F 4
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The so'idity term, 1t, is clearly the cross-sectional area of the honeycomb which is avail-
able for direct solid lase thermal conduction. In order to allow for conduction contributions
fr ,m braze alloy flow down the core nodes, this term was calculated from direct weight
muiuzuvmuaiu oi tie ianricai core. This procedure was more accurate than estimates
made from photomicrograph cross-sections. It is also evident that the product k x R repre-
sents the fraction of heat transferred by solid mnbir-oinn av.. +hia !E a given in Ec uatn 110

is essentially the ratio o? the total heat transfer due to solid conduction and radiation to
the hent transfer by solid conduction alone. Values of k < 1 Indicate solid conduction pre-

dominance; values of k > 1 indicate radiation predominance. The relative solid conduction
and radiative contributions for these panels as a function of temperature and test environ-
ment will be discussed after examination of the comparisons in Figures 12 through 14.

Agreement betwe3n the predicted conductivity and the experimentally measured values
ie generally very good. On the average, the analytically predicted curves are about 30 per-
cent below the experimental curves at low temperatures with the average difference de-
creaing to only 6 percent at the maximum test temperature. In all cases the analytical values
were derived making allowances for temperature dependent thermal conductivity of the L-605
and ior variations in total emittance as a function of test environment and teraperature level
as experimentally measured and reported in Table IL The close agrcement between measured
and predicted valuas for the vacuum environment tests is particularly noteworthy since errors
in the approximated radiation interchange factors would be expected to cause the largest
errors in effective panel conductivity when the emittance is low or where core reflectance ad
specularity is high. The vacuum environment emittance data in Table II shows that tLe re-
flentance was indeed quite high ranging from 0.70 to 0.88.

At lower temperatures the predicted values, as shown in Figures 12 and 13, are nearly
identical In air and vacuum since the emittance values are about the same. The curves in
Figures 12 and 13 were obtained with honeycomb panels having a core with 0.001 inch cell
walla which represont a solidity factor of R. = 0.85 percent. The panels used in the tests
reported in Figure 14 had 0.002 inch core cell walls which correspond to a solidity factor
uf R = 1.63 percent. The conductiv2ty correlatinn, which accounts for this variation, is
excellent in this case also. At low temperatures where the solid conduction predominates,
the solidity governs the conductivity level. At 4C0@F the average measured thermal con-
ductivity for the panel with 0.001 inch core is 1.6 while that for the panels with 0.002 inch
core is 3.4. A similar ratio exists between the analytically predicted values.

In the general definitions of thermal conductivity the parameter is independent of the
thickness of the test specl'nen and of the temperature gradient across it. This is not the
case for unfilled b=ueycomb composites at high temperature for two reasons. First, the net
radiation interchange factor is a function of the lengdh to diameter ratio of the celL Second,
eve,, for consta. geometry, the radiative contribution varies in a non-linear fashion with
temperature leial %r4 specimen temperature drop. Thus, the experimental conductivity
cuw.ve for tW 3/8 inch panel in Figure 14 lies below that for the 3/4 inch panel due to the
greater temperawure gradient in the thinner panels. The overall temperature gradient is
accounted for explicitly in the correlation resulting in the spread in the anelY.ial curves.
It is important to observe that radiative heat transfer Ln the celis, together with its strong
influence on conductive contributions. parti-ularly at higher temperatures, leads to effective
thermal conductivity values which are dependent on boi specimen thickness and temperature
gradient. This dependence must be considered in practical L.pplication of honeycomb com-
posite conductance data.

Returning to discussion of the dimensionless conductivity defined by Equation 10, the solid
conductic, a radiation contributions summarized in Table III were ,alculated from the e
values prUdicted for the various panels. e
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TABLE III

PADIATIOY AND S)LID CONDUCTION CONTRIBUTIONS iO THE OVF PA T.T.

CO iUu± , u AN A I &NCTION OF HONEYCOMB GEOMETRY,
TEMPERATURE LEVEL AND TEST ENVIRONMENT

IEAN ' NEL SOLID CONSTRUCTION RADIATION
TEMPERATURE, THIt;KNE SS, ENVIRONMENT CONTRIBUTION, CONDUCTIONf,

OF In /61 */9

780 0.75 Vacuum 42 58
1210 0.75 Vacuum 30 70
1980 0.75 Vacuum 17 83

510 0.75 Air 57 41
1000 0.75 Air 35 63
1880 0.75 Air 10 87

700 0.375 Vacuum f9 41
1250 0.375 Vacuum 35 65
1970 0.375 Vacuum 18 82

900 0.375 Air 41 57
1460 0.375 Air 19 78
1980 0.375 Air 13 84

Solldity = 1.63%

510 0.75 Air 77 18
1130 0.75 Air 38 58
1960 0.75 Air 13 83

490 0.375 Air 85 10
1290 0.375 Air 34 61
1960 0.375 Air 20 75

Examination of Table III shows that for a fixed panel goometry (coaststnt panel thickness
and solidity) the radiative contriution is lower in vacuum environment than it is In air
because the emittance is lower. The difference tends to increase with temperature since
the emittance of the L-605 increases in air due to oxidation. For a fixed solidity, the solid
conduction contribution is higher in the thinner panels for both vacuum and air euvironments
because the thermal gradients are substart.i"Jly higher. These differences diminish at
higher temperatures in both vacuum and air because the relative contribution of radiation
increases more rapidly with temperature in the thin panels. This is due to more favorable
radiation intercl ange factors in the shallowe, cores.

The predominance of radiative trnsfer at higher temperatuios as indicated in Table
III is further substantiated through the temperature dependence of the total thermal con-
ductivity curves given In Figures 12 through 14. If an effective conductivity, ko , is defined

where the conduction and radiation contributions are equal, then a plot of the function
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T 3
k IT) =k -o12

falls wihin about 5 percent of the various thermal r.onductivity curves. If radiation heat
transfer predominntnk a cubic temeraturc dcpandence as eAp r.m d in Equation i2 is
expected in this case where the overall panel temperature drop is small relative to the
absolute temperature level.

The differences between the analytical predictions and the experimental measurements
at low temperatures are attributed partly to conductance measurement errors and partly to
analytical productions which are too low. At higher temperatures where the guarded hot plate
accuracy increases, the differences aiv attributed to small uncertainties in emittance. The
fact that the differences between predicted and measured conductance values decrease more
rapidly with temperature in the case of the vacuum runs than the air environment runs, sub-
stantiate this observation. For shallow core cells such as these encountered here, uncertainties
and variations in emittance when the emittance level is moderately high (e = 0.5) have a
relatively large effect on the approximate radiative interchange factor. With a core length
to diameter ratio of between 1.0 and 3.0 a ten percent variation in emittance leads to a 6-9
percent variation in the thermal conductance at high temperatures. The conductance variation
with emittance is less sensitive for the deeper core. Experimentally the agreement was
somewhat better at high temperatures for the thicker panels having the deeper core.

Comparisons with results obtained by other investigations are limited because very little
experimental data is available in the literature on the thermal cont ..ctance of superalloy
honeycombs; however, some determinations were made on flat L-605 cobalt alloy panels with
0.002 inch core cell walls (Reference 4). The specimns were fabricated in a manner similar
to those used in this investigation. The experimental results were compared with the thermal
conductivity data obtained under this investigation on the panels with 0.002 inch foil, Figure 14.
The panels tested by North American Aviation as reportad in Reference 4, were 0.5 inches
thick, the panel temperature drops being comparable to those used here. The comparison
showed that tMe North American data fell midway between the data in Figure 14 for the 0.375
Inch and 0.750 inch thick panels. Taking the thickness dependence into acdount the agreement
was within 2 percent over the temperature range covered by North American: 500 to 1600°F.
Within experimental precision then, the agreement is exact.

Some additional data on the thermal conductance of L-605 honeycombs were obtained by
Dynatech Corporation (Reference 12). The panels used were flat, 0.92 inches thick with 0.0015
inch cell walls. Although no details of the panel fabrication procedure were given it is pos3 ibie
that node flow of braze alloy could have been substatial, increasing the solidity factor
greatly. Comparison with the data obtained in this investigation, making allowances for the
difference in panel and cell wall thickness, indicated that the Dynatech data was high by about
20 percent at all temperatures from 600 to 20G0°F.

Finally, to provide a qualitative check of the predicted non-linear temperature gradients
down the walls of a honeycomb cell when both condctive and radiative heat transfer arv
significant, thermal gra.dient studies were run on cylindrical elements approximating the
cell configuration. Right circular cylinders wL~1 length to diameter ratios of 1.0 and 10.0
were fabricated from seamless stainless steel. The steel selected had a thermal conductivity
nearly equal to that of the L-605. The cylinders were instrumented axially with thermo-
couples and were coated on the inside surface with cobalt oxide to give a diffuse finish and
an emittance of very nearly 1.0. One end of cylinders were cooled, the other heated to obtain
the plots of wall temperature as a function of pot.. ion given in Figure 15. Further details
of the experimental arrangement are given in Appendix Il
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In these cavities with large axial temperature gradients direct radiation interchange
( ni -- F, *; 6 = 1.0) between portions of the internnl %airfane 1 #-a° 4 -- ; - ,
which may deviate substantially from the nearly linear gradients predicted if only solidconduction were considered. As shown in Figure 15, the irradient near thA hnfter &%nd nf +I-cell ie 8Leeper than we linear gradient case, while the gradient near the center and towardthe cooler end is flatter. This occurs because of the direct radiation interchange from thehot end to cooler portions down the wall. When the length to diameter ratio is low (1/d = 1.0)the effective radiation interchange factor is high compared to the factors for the deep cavities(1/d = 10.0). The more pronounced curvature of the dotted curves for the deep cavities inFigure 15 reflects this difference.
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SECTION VI

CONCLUSIONS

In general the following mn !u Pons can !e &-awn regardirg tihe U-erial ,conductance re-
sults on the L-605 honeycomb composites.

1. The experimental results which exhibit an average precision of E7 percent indicate that
the thermal conductance of the L-605 honeycomb panels increases with temperature in botL
vacuum and air environments. This general increase is attributed mainly to increased radia-
tive heat transfer at higher temperatures. The results are in very good agreement with other
data reported in the literature.

2. The fact that the air environment conductances for a given panel were 60to 100 percent
higher than the vacuum environment conductances at the same temperature level is due mainly
to oxidation of the cobalt alloy resulting in an emittance increase of a factor of 2 to 3 and a
proportionate increase in the radiative contribution. Gas phase conduction and convection
accounted at most for about 8 percent of the difference.

3. Analytical predictions of honeycomb composite conductances using approximated radia-
tion interchange factors were found to agree with the experimental results to within 6 per-
cent at the highest test temperatures. At lower temperatures the agreement was not as good,
the predicted values averaging about 15 percent below the experimental data. The agree-
ment is particularly significant in the case of the vacuum environment curves since errors
in approximated radiation interchange factors would have the greatest detrimental influence
on the predicted conductance in this case where the core cells are highly reflective, specular
surfaces.

4. The radiative contribution to the total thermal conductance was found to increase from
about 20 percent at 400°F to about 80 percent at 2000°F. This effect is reflected in the fact
that the thermal conductance was nearly cubic in temperature at the higher test temperatures.
When high temperature applications are considered the importance of having accurate emit-
tance data on shallow cell honeycomb composites such as those tested here, is clear.

5. Temperature distributions across open celled honeycomb composites in the direction
of heat flow are highly non-linear under conditions where radiative contributions are signifi-
cant. This factor should be accounted for In thermal stress calculations when panel temper-
ature drops are substantial.

6. Because radiative contributions introduce significant non-linearities in the net transport
process in open celled honeycomb composites, certain precautions must be exercised in
engineering uses of thermal conductance data. The most important point is that the effective
conductance values are a function of the temperature drop across the panel as well as the
absolute temperature level. In addition, when changes in the emittance of the honeycomb core
or the internal surfaces of the face sheets occur substantial variations in effective conductance
are likely.

7. The analytical results are sufficiently accurate particularly at the higher temperature
which are of most direct interest to allow use of this prediction procedure in engineering
design for high temperature applications. The procedure has been demonstrated to be of
very general applicability since variations in honeycomb cell geometry. panel thickness,
and panel temperature drop are accounted for explicitly. The increased prediction accuracy
afforded by more refined analyses involving exact solution of the finite difference heat balance
equations is not felt to warrant their use because of the large volume Vf computer compvtation
required.
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APPENDIX I

HONEYCOMB PANEL FABRICATION1. JNVrRODUCTION

The following description of the panel, fabrication procedure used by Solar Division of
International Harvester Company is a summary of the final report submitted by the Company
under panel fabrication contract, AF 33(657)-11745. The final report was written by Mr. James
R. Woodward, Research Engineer, Solar.

2. PANEL FABRICATION

a. Core-Edge Frame Preparation

The brazing process for L-605 honeycomb panels with high temperature capability re-
quires precision contact between the honeycomb core and facing. The mating interface of
the core to the facirg must be sharp, square-cut and free of burrs. The necessity for the
requirement is to permit an exceedingly small and uniform amount of braze alloy to be pre-
placed at core-facing Junction. During the subsequent brazing operation the braze alloy
merely melts "in place" at the core-facing joint. Metallurgical reaction of the braze alloy
and core-facing interface occurs to precisely controlled depths during a thermal diffusion
process. A :significant increase in the braze alloy and metallurgical inter-solution of the
core and facing occurs to provide high temperature capability.

The diffusion cycle permits homogenization of the braze reaction zone allowing resultant
increases in remelt temperatures in the neighborhood of 2300 to 2400°F with the superalloy
L-605.

The core blankets as machine, made had misaligned ribbons causing faying surface steps
of as much as 0.0035 inches. To prepare the edges of the 0.001 and 0.002 inch core ribbon,
a freeze fixture was made to secure the core blankets flat. The surfaces were then hand honed
with a silicon carbide block. The resulting surface as inspected under 40 power was flat
with no rounding of the foil edges.

The core honing operation was accomplished in two stages. The core surface was first
honed so that all ribbon steps were removed. The edge frame was then assembled to the core
by microtcking and a final honing operation was then performed on the frame to bring it
down to the precise level of the core.

The edge frame was made from 0.025 inch L-605 sheet. It consisted of a strip which was
formed into a 12 inch square and butt welded. Three 0.187 inch holes were placed in each
side of the frame for venting.

b. Braze Alloy Loading

Braze loading of high temperature honeycomb structures is one of the most critical
operations. Diffusion controlled brazements require that minimum braze alloy quantities
and optimum loading sites be strictly controlled. Before braze alloy loading, the core
was cleaned by vapor degreasing, alkaline wash an,- water rinse. The core was then surface
coated with a polybutene film. and dipped into the powdered braze alloy. Typical braze alloy

pickup is shown in Figure 16. ThE loading rates averaged 7.83 grams per ft3 for the 0.002

inch core and 5.40 grams per ft3 for the 0.001 inch core.
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c. Panel Layup

better handling conditions and also enabled a cleaner transition to adjacent slip sheets and
edge supporting members, Figure 17 shows the face sheet-core layup components. Slip sheets
were positioned against the skins to stabilize te retort system, These slip sheets were made
from 0.025 iaconel 600 and served to separate the thin skin from the heavier retort bag. As-
sembly operat;ions such as microtacking the thermocouples to the retort were isolated from
the skin by the slip sheets. A1/2 inch band of Nicro Stop-Off (Wall Colnonoy Co.) was applied
to the edge of thM sheet and dried by playing a soft flame over the band. A thin coating of
colloidal Boron Nitride was then applied over both surfaces of the slip sheet to aid in sep-
arating after the brazing and diffusion processes.

Edge filler core was made from 0.010 Inconel ribbon and surface ground to 0.010 inches
less than the full panel height. These strips were 1/2 inch wide and were used as transition
pieces from the relatively rigid retort edge to the flat pressure applying prrtioi of the

retort diaphragm.

The panel-slip sheet-filler core assembly was positioned by microtacked foil taks to
afford handling strength. Figure 18 shows the components of this assembly.

The retorts were made from 0.025 inch Inconel formed into a pan as shown in Figure 18.
Tubes were welded into two opposite ends for purge and vacuum control. The assembly
was accomplished by positioning the panel layup in one retort pan and lowering the other
pan in place. The pans were then registered to a flat granite plate by banding a hold down
plate to the assembly. While in the registered position the edge of the retort was clamped by
mechanical toggle type clamps.

The Assembly in the clamped position was removed from the precision flat and the retort
pans edge welded. Welding was accomplished by standard TIG (tungsten inert gas) air cooled
hand torch and generator power source using argon as the inert gas. The welded retort
assembly was again registered to the precision flat and full vacuum was applied. At this
point vacuum was sustained on the system until the brazing and diffusion operations were
complete. The vacuum tightness was checked by a one hour hold and observing any drop in
the vacuum pressure. At the early stages the leak tightness was checked by Mass Spectrometer-
helium leak techniquos but the system was found to be reliable without this operation.

d. Atmosphere Control and Thermocouple Assembly

During the vacuum registering phase, the retort was connected to the atmosphere control
panel. The argon atmosphere is purified by a titanium getter which is operated at 1350"F, a
molecular sieve and cold trap operated at -120"F. The atmosphere is monitored by flow meters
and a hot strip checker. The hot strip checker inventnd by Solar consists of a 4 inch diameter
glass vessel which is in series with the outlet line from the work piece so that it always
contains a sample of the last gas 'removed from the retort. A strip of A-286 foil is arranged
inside the vessel so that it can be heated by electrical resistance while surrounded by the
atmosphere sample. The appearance of the strip after heating in the atmosphere is an
effective index of atmosphere quality as A-286 is very sensitive to contaminateo.

The pressure is regulated through the panel by valves to achieve any fraction of full vacuum
by mixing purified argon on the inlet side of the part. Flows are regulated by valves to allow
the required dynamic purge. The pressure and flow are monitored by gages, manometer and
flow meters. Actual flows during dynamic purges are on the order of 1 cth.
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Figure 17, Honeycomb Pwiel Asemrbly: Core, Framie. Edge Member

Figure 18. Honeycomb Pawel Braze Layup: Core Assembly, Face Sheets,
Slip Sheets, Retort Pan
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Temperature monitoring was accomplished with six thermocouples located at the top,
bottom and center of each side of the panel. They were microwelded to the retort using foil
tabs for positioning. The temperature of each thermocounle wa8 monitored bv a 12 toint
recorder. Burner control was adjusted to maintain ,niform temperature over the one square
foot panel.

e. Panel Brazing

The radiant gas brazing facility described in Reference 23 was used for this program. The
device is essentially symmetrical about a vertical plane passing through the entrance slot.
On one side of this plane there is a radiant panel composed of seven horizontal rows of burners.
Each row contained 16 individual burners fitted against each other. The burners are connected
to seven manifolds wbicb - in turn attached to a movable vertical rack permitting precise
adjustme-mfe distance from the radiant panel to the work piece. The panels were set 20
inches apart for the L-605 panels (10 inches from the work piece),,

The initial development on the high temperature diffused honeycomb brazing established
the braze loading rates, pressure-temperature relationships and process parameters. The
presa1ui,-temperature relationship is an oxtremely important variable which calls for
accurate brazing controls. The main parameter is to establish the maximum presurO applied
to the facing-core joint without cell buckling.

The limits established for the pressure-temperature programming during brazing of the

two different core foil gagus is indicated in Table IV.

TABLE IV

PRESSURE-TEMPERATURE RELATIONSHIP
FOR L-605 HONEYCOMB BRAZING

Temperature, 'F "  Pressure .00i or

200F 13.4 13.7

1800"F 1.0 2.6

(Variation is linear between these temperatures)

A typical braze cycle nvolved heating to about 1900F over a period of 30 minutes, holding
at this level for about 5 minutes and then cooling at about the same rate. The largest tem-
perature gradient across the retort assembly occurred in the low temperature range of
from room temperature start to 1000F. A 1000F gradiont is the approximate maximum
".vhicb occurs at a 5000F mean temperature. Co.'1 down gradients nre fairly well controlled
having a 50F maximum at the start of the cooling cycle.

f. Panel Diffusing

As described earlier, diffusion (or homogenization) of the braze alloy is required to
develop high remelt temperatures. In order to accomplish this the panels were exposed
to a step type thermal treatment. The furnace for this operation was a natural gaL fired,
box type furnace which is used for long time, high temperature heat treatments. After
part stabilizatior at 1800"F, the temperature was raised in 50"F stops to 2100OFwhcre It
was held for approximately two hours.
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3. ACCEPTANCE DATA
. MmAiurgiuai i vaiuationi

Metallurgical analyses and quality inpeonton we peford cr t L paie. Twu

specimens were sectioned to evaluate wde flow and face sheet-core Joints. Figure 19 shows

a typical core-face sheet joint with a 7 gram per ft2 . braze loading. A relatively large fillet
is obtained at this loading rate. A section through the node area is shown In Figure 20. In
thic case, diffusion has occurred through the 0.002 nch foil without reduction in gage by
solution.

A cross-soction of the nodal joint halfway up the 3/4 inch core is shown in Figure 21.
Figure 22 is a micrograph of the core-face sheet joint very close to the node point. It shows
the start of the node fillet between The core legs.

In measurements of panel flatness it was found that the 3/8 hiich thick panels varied up to
0.087 inches from perfect flatness. The temperature gradients developed during the braze
operation were sufficient to caus&- soiae distorLion of the thiiner panels. The higher section
mochllta of the thicker panels prevented significant distortion.

b. Non-Destructive Testing

Minimum fillet, diffused honeycomb panels are relatively ulique in the non-destructive
testing requirement. The normal honeycomb panels, made by standard processes, have heavy
fillets and usurily have a braze filler radically different Ou physical properties (that is, silver
or gold). This system lends its.lf to non-destructive testing by radiography, which is con-
sidered a reliable Iniipection method. The minimum fillet-difftsed method of high tempera-
ture honeycomb fabrication, however, does not have the same characieristics and therefore
is unique. Solar Advanced Research investigated three methods of inspecting the braze bond.

(1) Radiographic Method

The 3/4 inch panels were radiographed and it wa noted that there was no definition of
core-face sheet joint or node f&ow. The density and si' e variations between the braze and L-605
alloys wero not sufficiont to be detectable by X-ray analysis, in these diffusion bonded
panels.

(2) Thermal Sensitive Coating Method

method which utilized the difference in thermal conductivity between a bonded core and
a sinCle face was investigated. This proceas is based on the fact that the bonded core foil
conducts heat away from the skin faster than an unbonded are. at the center of the core
cell. The material used for this study was Bond Check made by Magnaflux. The process
showed very poor sensitivity. It was concluded Uiat the minimum fillet joint does not con-
duct sufficiently different than the cell center to produce a discernible pattern.

(3) Ultrasonic Method

Ultrasonic techniques for non-destructive testing of honeycomb have advanced to a high
degree within rooent years. Recont experience on other unique inspection requirements has
shown this metlvd to be extremely veriatile and reliable. Nine panels were inspected ultra-
sonically.

The equipmnt used for this inspection was located at Automation Industries in Torrance,
California. A Lithium Sulfate focused transducer was operated at 15 megacycles per second
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Figure 21. Core Node Joint: Section Taken 3/8 inch From Face of a 3/4 InchSpecimen (60X) - Oxalic, Electroetch

Figure 22. Core-Face Shvet Joint: Section Taken Near the Core Nodal Point
(75X) - Oxalic Electroetch
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and oscilloted over the panel which was immerned in water. The head was traveraed so that
the focused ultrasound beam covered the panel in 0.016 inch increments through a 4.5 Inch
water column.

A Model 424B Immerscope was used to monitor the transducer power. A Model 1047
Ultragranh powered by a Sper-v Sonafax Source vrovided the Rating and printing circuitry.
An Alden facsimile recorder was used to print the inspection results. The results of this
inspection showed minimum voids for all panels inspection.

The focused transducer technique is extremely sensitive and is considered a reliable
method of non-destructive testing the minimum fillet, high temperature honeycomb structure.
The high sensitivity, however, produces problems associated with flatness. It has been
established that a 0.010 inch change from the focus point of the transducer (that is, 4.5
L.010 inch) causes enough variation in the printing signal that the instrm-ent must be re-
adjusted. The fascimiles of the 3/8 inch panels were of poorer quality than the 3/4 inch panels3
because of the flatness variation. The warpage of the 3/8 inch panels was excessive relative
to this requirement and many adjustments were required to obtain satisfactory results. By
adapting a follower to automatically adjust the transducer height over a curved panel, ex-
tremely sensitive quality inspections may be made.

(4) Visual Inspection

The diffused pattern of the core skin bond is easily visible. Trhis pattern has proven in
the past to be a reliable indication of the bond. The ultrasonic traces corroupond directly
to the diffused pattern, these observations thus serving as a secondary substantiation of the
bond inspection results.

The cleanliness of the panel interior was excellent on the panels cut for metallurgical
evaluation. There was no indication of oxide or contamination of any kind. The surfaces
were similar to hydrogen bright annealed foil.
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APPENDIX II

SPECTRAL NORMAL EMITTANCE MEASUREMENTS

The instrument used in making spectral emittance measurements on the L-605 specimens
was a Perkin-Elmer Model 13-U Spectrophotometer with a Model 205 Diffuse Reflectance-
Emittance Attachment. The L-605 specimens, in the form of I inch diameter disks were
placed in the emission sample holder shown in Figure 23. The specimen temperature was
adjusted until it was equal to that of the hohlraum cavity which served as the blackbody
reference. Automatic controllers were utilized in maintaining the specimen and the reference
cavity at the same temperature (within about L1 percent). The sample holder, hohlraum
cavity and transfer optics required to bring the two beams into the Model 13-U Speotro-
photometer are shown in Figure 23. The specimen and reference beam path lengths through
the transfer optics are equal thus cancelling effects of atmospheric absorption.

In the double-beam recording spectrophotometer the specimen and reference beams are
chopped mechanically, sent through a wavelength scanning prism of sodium chloride, then
alternately sensed with a therniocouple detector while the scanning is run over the spectral
range from 1 to 151A. These signals are combined electronically; the ratio being the spectral
normal omittance which was plotted on a Leeds and Northrop Speedomax G Recorder.

Over the temperature range from 480 to 1400*F. the hohlraum can be maintained within
*1 percent of the temperature of the specimen thus giving an overall accuracy in emittance
of approximately L5 percent. The unit was calibrated with reference standards of platinum
(low emlttance), oxidized Kanthal (moderate emittance) and oxidized Inconel (high emittance)
from the National Bureau of Standards (Reference 24). To further reduce potential errors
in the spectral emittance data on the L-605 specimens due to small temperature and optical
path lengths differences, data was obtaired concurrently on the moderate emittance oxidized
Kanthal reference standard. The L-605 Jata was reduced relative to the reference standard
curve.

Results of the measurements are given in Figures 10 and 24. The various specimens were
soaked in an air environment muffle furnace at the temperatures indicated in Figure 24.
The extent of the soak period was such that the spectral emittance data was stable with
time. The 525°F and 1050°F curves are typical of a metallic material. Slight oxidation is
evidenced in the 1050°F curve. The curves at temperatures between 1250*F and 2025°F are
typical of an oxide material. Visual examination of the specimens indicated that above 1200°F
a stable oxide film had formed. At the highest temperatures the oxide coating was thick and
quite coarse.

The vacuum environment curve shown In Figure 10 was obtained on a specnen after the
vacuum conductivity run to 20100F. In Figure 10 this curve is compared with two air environ-
ment curves from Figure 1. Same oxidation of the L-605 occurred in the high temperature
vacuum test, however, the specimens still retained a metallic luster.
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HOHLRAUM SAMPLE HOLDER

' I '--HOHLRAUM

EMISSION SAMPLE --- HOHLRAUM CAVITY
HOLDER

EMSINREFERENCE BEAM SPHERICAL
SAMPLE BEAMFIA MIRROR M11R RO

DEFLECTOR MIRRORS

SPHERICAL MIRROR

SPECTROMETER

NOTE:
ONLY CENTERLINES OF BEAMS; SHOWN

Figure 23. Optical Arrangement for Spectral Normal Emittance Measurements
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APPENDIX III

CYLINDERS SIMULATING HONEYCOMB CELLSSince tWe analysis described earlier approximates the honeycomb cells as right circular
cylinders, it was desirable to establish whether the analytically predicted gradients were ofthe same form as those observed experimentally.

The honeycomb panels used in the thermal conductance tests could not be instrum)nted toobtain axial temperature gradient in the core cells. To provide an experimental check of thepredictions, fairly large, right circular cylinders of seamless stainless steel were con-structed with length to diameter ratios of 1/d = 1.0 and 1/d = 10.0. The cylinders were in-strumented axially with thermocouples and were coated on the inside surfaco with cobaltoxide to give a surface which was diffuse and which had an emittance of very nearly 1.0.Copper platea were silver soldered to one end of the cylinders, stainless steel plates beingwelded to the other. These plates assured good thermal contact between the heat sink,adjacent to the copper plate and the heat source, adjacent to the steel plate. The cylinderwith 1/d = 1.0 is shown in place in Fig-ire 25. The lateral surfaces of the specimens wereinsulated heavily and a compressive load was applied to improve contact between the specimen
and the heat sink and the heat source.

The results of the tests with the two cylinder geometries are summarized in Figure 15,page 30. The insert In the Figure gives the axial gradients which are predicted analyticallywith E = 1.0 for the two length to diameter ratios. For fairly small overall axial tempera-ture drops across the panel as encountered in the honeycomb specimen testing the thermalconductivity of the metallic alloy changes very little and thus if only solid conduction werepresent, the temperature distribution down the walls would be nearly linear. The influenceof radiation interchange is discussed in the main body of the report.
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Figure 25. Cylindrical Specimen (lid =1,0) Used in Axial Temperature
Gradient Measurements
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APPENDIX IV

TABULAR EXPERIMENTAL DATA

The following Table Ji_ _ tabulation. of tho epriz ,Lt a i eLrmai conductance data pre-
sented graphically in Figures 7 through 9.

TAP ILE V

EXPERIMENTAL THERMAL CONDUCTANCE DATA

Mean Panel Specimen Specimen Heat Thermal Conductance,
Temperature, 'F /, T, OF Flux, BTU/hr-ft2  BTU/hr-ft2 -F

Panel #1A (Bottom, Test #3)

Environment: Vac: 1 x 104 m Hg

749 63 121 1.92
772 63 123 1.94
807 68 122 1.80
821 66 122 1.86

1210 71 304 4.28
1204 67 318 4.75
1207 68 311 4.55
1587 75 935 12.52
1600 72 934 12.97
1619 70 897 12.85
1408 53 294 5.53
1951 67 1258 18.8

Panel #1B (Top, 'rest #3)

Environment: Vac: I x 10 - 4

756 54 76 1.42
777 55 75 1.36
812 58 76 1.29
832 GC 75 1.14

1225 62 218 3.56
1218 58 244 4.18
1222 60 241 4.05
1600 70 740 10.60
1612 68 741 10.70
1631 67 723 10.82
1421 50 229 4.53
1976 67 1012.0 15.0
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TABLE IV (CONT'D)

Paneli.1 ILA Uotm, TeSt #3)

Environment: Air: AtmospherM Pressure

512 162 410 2.52
504 158 405 2.56
948 183 1140 6.23
992 181 1142 6.30

1002 174 1138 6.53
1499 140 2330 16.8
1524 133 2310 17.4
1546 122 2210 18.3
1501 127 2320 18.3
1893 115 3240 28.2

Panel #1B (rop. Test #3)

Environmont: Air: Atmospheric Pressure

514 161 450 2.79
506 10 455 2.85
976 188 1215 6.44
984 187 1213 6.4b
999 183 1217 6.68

1486 140 2380 17.05
1511 133 2400 18.0
1536 123 2260 18.3
1494 126 2390 19.8
1878 119 3200 26.8

Panel #2A (Bottom, Test #4)

Environment: Vac: 5 x 10- 5 torr

746 42 167 3.95
652 37 201 5.46
696 37 187 5.10

1246 57 672 11.80
1636 65 1237 18.9
1643 65 1231 19.05
1950 78 2080 26.5
1966 78 2082 . 26.8

Panel #2 B (Top, Test #4)

Environment: Vac: 5 x 10 5 torr

699 51 202 3.95
636 30 162 5.44
659 36 182 5.10

1166 69 816 11.7b
1608 63 1188 18.90
1610 63 1194 19.00
1859 88 2320 26.25
1880 86 2318 26.80
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TABLE rV (CONT'D)

Panel #2A (Bottom. Test 4)

Envh'.,nment: Air: Atmosphnrin. Prg.mrndi

540 151 1080 7.18
888 V5 2065 11.85
904 177 2065 11.67

1445 123 3480 28.110
1461 122 3480 28.60
1956 93 4600 49.60
1965h 92 4600 49.80
1979 89 4530 51.30

Panel #2B (Top, Test 4)

Environment: Air: Atmospheric Pressure

497 138 780 5.63
817 181 1520 8.43
832 185 1520 8.23

1374 122 2460 20.20
1390 121 2460 20.36
1895 94 3270 34.70
1903 94 3270 35.00
1914 93 3290 35.30

Panel #3A (Top, Test #2)

Environment: Air: Atmosphoric Pressure

491 81 579 7.16
845 101 880 8.7 0

1268 55.6 1290 23.20
1271 56 1280 22.90
1928 51 2430 47 70

1928 48 2420 50.50

Panel #3B (Bottom, Test #2)

Environment: Air: Atmospheric Pressure

493 96 691 7.2
862 117 1040 8.9

1291 69 1505 21.8
1295 69.5 1515 21.8
1971 66 3130 47.5
1963 65.6 3140 IMO
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TABLE IV (CONT'D)

Panel #3B (Bottom, Test #2)

Fnvirnnminnt VAmi im, 4. A 1A - 4 tor.

925 314. 263 8.4
974 27. 270 10.0

1557 35.5 1480 41.7
1558 35.0 1485 42.5
1489 38.0 1470 38.7
1974 54.0 3080 57.0
1965 54.0 3050 56.6
1963 55.0 2960 53.7

Panel #4A (Top, Test #1)

Environment: Vacuum: 4.0 x 10 -4 torr

904 57 553 9.7
905 57 568 19.9

1420 65 1137 17.5
1956 71 1722 24.3
1945 67 1783 26.6

Panel #4B (Bottom. Test #1)

Environment: Air: Atmospheric Pressure

510 123 645 5,20
1134 69 621 9.02
1639 54 1146 21.23
1959 37 1203 32.50
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ABSTIIAI (C2.nti'.iutd)

environment the agreement was no as good, the predicted values averaging about 15 percentbelow the experimental data. The overall agreement between predicted and measured con--. . ..--- - ,, al,.10 . rvai wLn is parUaouirny signlricantbecause errors here in the approximated radiation interchange factors would lead to the
argest errors in predicted conductance due to high reflectivity and specularity of the honev-cowab vle, As a result of thls experimental substantiation over a wide variation in dependentparameters it is concluded that the prediction procedure is generally useful for most engi-nee ra ag applications in estimating the thermal conductance of metallic honeycomb composites

at high temperatures.
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